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(57) ABSTRACT 

A sigma delta modulator includes a modulator module that 
includes a quantiZer With variable hysteresis, Which receives 
an input signal to perform necessary modulation operations. 
A non-linear mapping module receives a signal associated 
With said input signal and tabulates the necessary hysteresis 
control information so as to reduce the transition rate of the 
modulator module. 
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SIGMA-DELTA MODULATOR WITH 
REDUCED SWITCHING RATE FOR USE IN 

CLASS-D AMPLIFICATION 

PRIORITY INFORMATION 

This application claims priority from provisional appli 
cation Ser. No. 60/472,183 ?led May 21, 2003 and Ser. No. 
60/477,067 ?led Jun. 9, 2003, both of Which are incorpo 
rated herein by reference in their entireties. 

BACKGROUND OF THE INVENTION 

The invention relates to the ?eld of sigma delta 
modulators, and in particular to a sigma delta generator 
providing hysteresis control to control the transition rate of 
the modulator. 

Audio poWer ampli?ers of conventional design suffer 
from loW ef?ciency (often <50%), and this causes these 
designs to generate heat that must be removed by large heat 
sinks, causing the physical ampli?er designs to be quite 
large. In recent years, in order to make ampli?ers that are 
smaller, high-efficiency designs have been introduced. The 
most common approach is to use “Class-D” sWitching 
ampli?ers. These ampli?ers Work by converting the analog 
input signal into a 2-level output signal using a high 
frequency modulation process. This 2-level signal is then fed 
to a poWer stage, Which in turn feeds a passive LC ?lter 
connected to the speaker. The poWer stage is fed from a V+ 
and V— supply, and outputs the V+ voltage When the input 
is a “1” and the V— voltage When the input is a “0”. Since 
the output devices used in the poWer stage have no voltage 
across them While current is flowing, the heat produced by 
these devices is dramatically reduced. 

Most prior-art systems employ a pulse-Width modulation 
scheme, Where the value of the input signal at a moment in 
time is represented by a ?xed-voltage variable-Width output 
pulse (PWM). A typical audio PWM ampli?er can Work at 
a sWitching frequency of betWeen 100 KHZ and 500 KHZ. 
Higher sWitching frequencies Will reduce distortion but also 
result in loWer ef?ciency due to the eXtra transitions in the 
output Waveform. Each transition takes a certain amount of 
energy to charge all the various node capacitances, and 
therefore reduces ef?ciency. 

For typical clock rates of about 300 KHZ, the distortion/ 
noise performance of traditional class-D ampli?ers is not 
very good. 

Another modulation technique, Which is less common, is 
to use a sigma-delta modulator that converts the analog input 
to a series of 1’s and 0’s at a higher sampling rate, typically 
about 64 times higher than the highest audio frequency. Such 
circuits are commonly used in A/D converter designs used 
for converting analog audio signals into a digital 1-bit 
stream. This technique yields better distortion characteristics 
than the PWM scheme, but the draWback is a signi?cantly 
higher sWitching rate, resulting in loWer ef?ciency. 

The present invention uses the best features of both PWM 
(Which has the loWest sWitching rate) and sigma-delta 
(Which has the loWest distortion/noise). 

SUMMARY OF THE INVENTION 

According to one aspect of the invention, there is pro 
vided a sigma delta modulator. The sigma delta modulator 
includes a modulator module that includes a quantiZer With 
variable hysteresis, Which receives an input signal to per 
form necessary modulation operations. A non-linear map 
ping module receives a signal associated With the input 
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2 
signal and tabulates the necessary hysteresis control infor 
mation so as to reduce the transition rate of the modulator 
module. 

According to another aspect of the invention, there is 
provided a method of sigma delta modulation. The method 
includes providing a modulator module that includes a 
quantiZer With variable hysteresis, Which receives an input 
signal to perform necessary modulation operations. 
Furthermore, the method includes utiliZing a non-linear 
mapping module that receives a signal associated With the 
input signal and tabulates the necessary hysteresis control 
information so as to reduce the transition rate of the modu 
lator module. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram demonstrating a high-order 
sigma-delta modulator topology; 

FIG. 2 shoWs graphs demonstrating the relationship 
betWeen possible noise-shaping transfer-function curves 
(NTF) and maXimum stable input range; 

FIG. 3 is a graph demonstrating the maXimum stable 
hysteresis factor as a function of the DC input level; 

FIG. 4 is a graph demonstrating the comparison of tran 
sition rates With and Without hysteresis, as a function of the 
input level; 

FIG. 5 is a schematic diagram demonstrating a digital 
system With signal-adaptive hysteresis; 

FIG. 6 is a table shoWing typical coef?cient values for the 
system of FIG. 5. 

FIG. 7 is a table demonstrating the hysteresis lookup table 
values for the system of FIG. 5; 

FIG. 8 is a schematic diagram demonstrating an analog 
system With adaptive hysteresis; 

FIG. 9 is a schematic diagram demonstrating a system 
With dither added to lookup table; 

FIG. 10 is a table demonstrating a modi?ed lookup table 
With values for dither=0 and dither=1; 

FIG. 11 is a schematic diagram demonstrating a ?rst 
structure for monitoring VIN With Flash ADC; 

FIG. 12 is a schematic diagram illustrating the conceptual 
form of a technique that reduces the number of comparators 
for a given number of quantiZation levels; and 

FIG. 13 is a schematic diagram demonstrating a hardWare 
implementation of the technique shoWn in FIG. 12. 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 1 shoWs a sigma-delta architecture. This architecture 
can be implemented either With analog circuits (for a system 
With an analog input and a 1-bit digital output), digital 
circuits (for a system With a multi-bit digital input and a 1-bit 
digital output) or a miX, Where the early stages of integration 
may be done using analog circuits, and later stages are done 
using digital circuits. This architecture produces a 1-bit 
output at a clock rate that is signi?cantly higher than the 
highest frequency contained in the input signal (for eXample, 
256*Fs, Where Fs=48 KhZ for audio applications), and the 
feedback action of the loop Will heavily suppress the quan 
tiZation noise introduced by the 1-bit quantiZation, such that 
the SNR over a limited frequency band (usually the audio 
band from 20—20 KHZ) is very high. 

The sigma delta modulator 2 can be built in a variety of 
Ways. For analog-input systems, the integrators 22—34 are 
typically analog integrators, Which can be implemented 
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using either sWitched-capacitor techniques or standard ana 
log linear techniques. For digital-input systems, the integra 
tors are by necessity discrete-time integrators, implemented 
With standard digital hardWare such as adders and registers. 

The sigma delta modulator 2 includes integrators 22—34, 
summation modules 4—16, ampli?ers b0—b7, ampli?ers 
a0—a6, ampli?ers g0—g3, and a comparator 20. The system 
outputs a signal V0,”. The ampli?ers b0—b7 amplify the input 
voltage VIN With their respective ampli?cation factor and 
provide their outputs to their respective summation modules 
4—16. The ampli?ers a0—a6 amplify the output voltage VOW 
With their respective ampli?cation factor and provides its 
output to their respective summation modules 4—16. Selec 
tive summation modules 6, 10, 14 receive an input signal 
from amplifers g0—g3. The ampli?ers g0—g3 ampli?es the 
output of the selective integrators 26, 30, 34 With their 
respective ampli?cation factor and provides their output to 
the selective summation modules 6, 10, 14. 

If a discrete-time topology is chosen, each integrator I is 
de?ned by the equation 

Where VO(n) is the output voltage at time-step n, VO(n—1) is 
the output voltage at time step n-1, and Vin(n) is the input 
voltage at time-step n. If a continuous-time topology is 
chosen (only relevant for analog-input systems), each inte 
grator is de?ned by the integral of its’ input voltage or 
current. Note that it has become common to ?nd analog 
input systems Where some integrators are discrete-time 
(sWitched-capacitor), and others are continuous-time. 

Since there are seven integrators, this is a 7’h-order design. 
Such designs are Well-known and there are several books 
that detail the design equations necessary to make such a 
system stable. 

During the design of such loops, there is a tradeoff 
betWeen stability and quantiZation noise suppression. The 
transfer function from the quantiZation noise input to the 
output is usually de?ned to be some classical high-pass ?lter 
function such as a Chebychev design. It is Well knoWn that 
there are some restrictions on the choice of ?lter design 
functions. These restrictions are a result of fundamental 
causality constraints that eXist in any feedback system. 

FIG. 2 shoWs hoW these restrictions affect stability. The 
frequency-response graph, as shoWn in FIG. 2, represents 
the transfer function from the error introduced into the loop 
by the quantiZer (typically a comparator) to the output Vout. 
The highpass characteristic is determined by the order of the 
loop and the coef?cients used in the loop; clearly, as the 
highpass response is moved out to higher frequencies, the 
magnitude of the noise that affects the loW-frequency audio 
band is dramatically reduced. HoWever, it is not possible to 
make the cutoff frequency of this ?lter too high. As the cutoff 
frequency of the high-pass ?lter is increased, the high 
frequency gain of the ?lter must be increased in order for the 
loop to be causal. This increase in high-frequency gain 
causes the loop to be less stable. FIG. 2 shoWs several plots 
of SNR as a function of the DC input level. When the DC 
input level reaches some critical value, the SNR drops 
dramatically, indicating that the loop has become unstable. 

The relationship betWeen quantiZation noise suppression 
and stability can be stated as folloWs; loops With aggressive 
noise-suppression transfer functions become unstable at 
loWer input levels, While loops With less-aggressive noise 
suppression transfer functions are stable over larger input 
ranges. Typically, a compromise is used such that the 
modulator is stable for inputs up to about 70% of the full 
theoretic input range. 
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4 
One draWback of using a sigma-delta modulator as a 

class-D modulator is that the transition rate is quite high, 
resulting in sWitching losses in the poWer stage that reduce 
ef?ciency. For eXample, the loop 2 shoWn in FIG. 1 operates 
at a clock rate of 256 times the normal audio sample rate of 
48 KHZ, or about 12 MHZ. In the Worst case, there could be 
a transition on every clock cycle, although the actual number 
is typically about 1/2 of this value. By contrast, most PWM 
systems operate at a frequency of about 350 KHZ. In a PWM 
system, there is alWays an “up” and “doWn” transition 
during every 350 KHZ clock period, resulting in a transition 
rate of 700K transitions/sec. Therefore, the sigma-delta 
system may have a transition rate that is 10 times higher than 
a typical PWM system. 
The invention uses hysteresis to reduce the transition rate 

of the loop shoWn in FIG. 1. A 1-bit quantiZer (comparator) 
With hysteresis can be de?ned as folloWs; 
Variable de?nitions; 

(n)—neW comparator output 
Vwmp(n—1)—old comparator output 
VCl-n(n)—neW comparator input voltage 
H—hysteresis factor 

having the folloWing equation 

Vcomp 

When such a quantiZer is inserted into the loop or system 
2 of FIG. 1, the transition rate of the loop 2 is reduced. This 
can be eXplained as folloWs. Every time the quantiZer 
changes state, the threshold of the quantiZer is changed in 
such a Way that the loop ?lter 20 output voltage must change 
by a larger amount (compared to the no-hysteresis case) in 
order to cross the neW threshold. For eXample, if the 
quantiZer output Were —1 and the loop ?lter 20 output 
(quantiZer input) Was —0.5 volts, and Q=0.5, then the thresh 
old of the comparator Would be +0.5 volts. The loop ?lter 20 
output Would therefore have to change from —0.5 volts to 
+0.5 volts in order to change the state of the quantiZer. Since 
the loop ?lter 20 is a chain of integrators, it can take many 
cycles for the loop ?lter 20 output to change from —0.5 volts 
to +0.5 volts. During this time, there are no transitions in the 
output. This causes the average output transition rate to be 
loWered. 
The stability of a high-order modulator is reduced by the 

introduction of quantiZer hysteresis. This is not surprising, 
since the “ideal” quantiZer decision is changed quite often 
by the hysteresis feedback. It is therefore necessary to start 
With a highly stable design so that hysteresis can be toler 
ated. For eXample, curve “C” in FIG. 2 has a large stable 
range due to the small amount of high-frequency NTF 
(noise-shaping transfer-function) gain. This curve Would 
typically be considered too conservative for a design With no 
hysteresis, but it Works Well for the case Where hysteresis is 
needed to reduce the transition rate. 

FIG. 3 shoWs the relationship betWeen the maXimum 
stable input range and the amount of hysteresis used. For 
small DC inputs, the maXimum hysteresis is quite large (>1). 
For large DC inputs, the maXimum amount of hysteresis 
becomes smaller (about 0.2). This graph is the result of a 
C-code simulation of the system in FIG. 1. 

FIG. 4 shoWs hoW the transition rate is affected by 
hysteresis. For the case Without hysteresis, the transition rate 
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starts at about 9 million transitions/sec for small inputs, and 
reduces to about 5 million transitions/sec With large inputs. 
For the case With hysteresis, the transition rate starts at about 
600K transitions/sec for small inputs, and increases to about 
1.1 million transitions/sec for large inputs. Note that for the 
simulations With hysteresis, the amount of hysteresis Was set 
to the maXimum value that results in a stable system for each 
particular input level. The drop in transition rate is very 
dramatic, and produces an average rate that is very similar 
to a typical PWM system, but With much better perfor 
mance. 

The relationship betWeen hysteresis level, transition rate, 
and stable input range shoWn in FIGS. 3 and 4 imply that 
there is no single value of hysteresis that is optimal for all 
input levels. To overcome this problem, the invention uses 
a variable amount of hysteresis. The inventive system (all 
digital implementation) is shoWn in FIG. 5. The input signal 
Vin is applied to both the modulator 40 as Well as an 
absolute-value circuit 36. The output of the absolute-value 
circuit 36 then feeds a lookup table 38. The lookup table 38 
holds the optimum values of the hysteresis factor H for every 
given input range. The preferred embodiment uses an 
8-value lookup table. FIGS. 6 and 7 shoW the coef?cient 
values and lookup table values used for optimum perfor 
mance. Note the modulator system 40 of FIG. 5 uses a 
similar modulator arrangement as described in FIG. 1. 

FIG. 8 shoWs the analog implementation of the invention. 
Asmall loW-resolution A/D converter 40 (typically only 3 to 
5 bits) is required on the input to generate the required 
digital input to the lookup table 42. Note that the absolute 
value function could either be performed in the analog 
domain before the A/D converter 40, or more likely by 
adding an eXtra bit to the A/D converter 40, and extending 
the lookup table 42 by one eXtra bit so that negative inputs 
give the same result at the output of the lookup table as do 
positive inputs. Note the modulator system 44 is similar to 
the system described in FIG. 1. 

Note that While the system shoWn uses the input signal to 
alter the quantiZer hysteresis level, it is also possible to 
control the hysteresis from some other internal signal. For 
eXample, it is possible to use past values of the 1-bit output, 
and use these past bits to set the hysteresis level. It can also 
be possible to use some internal signals in the loop ?lter to 
set the hysteresis. 

One common problem With class-D ampli?ers is electro 
magnetic interference (EMI). Often these modulators have a 
strong spectral component at frequencies above 100 KHZ 
that can cause interference With radios and other devices. In 
this invention, a random 1-bit sequence can be used to 
spread out any strong line spectra that eXist at high frequen 
cies. One place to add this signal is in the lookup table. The 
1-bit random signal can be used to slightly alter the values 
contained in the lookup table. Since the hysteresis has a 
direct effect on the “idling” frequency of the loop, this 
causes the idling frequency to become spread out in the 
frequency domain, Which reduces the amplitude of the 
highest spectral peak quite substantially. The resulting sys 
tem is shoWn in FIG. 9, and the modi?ed table entries are 
shoWn in FIG. 10. The system includes the absolute value 
function circuit 44, modulator system 50, and lookup table 
46. Note the modulator system 44 is similar to the system 
described in FIG. 1. The dither signal 48 Would normally be 
clocked at a loWer rate than the rest of the modulator 50 to 
avoid causing rapid changes in the hysteresis level that 
might cause the transition rate to increase. Note the modu 
lator system 50 is similar to the system described in FIG. 1. 

To get optimally loW output transition rate and high 
output, different amounts of hysteresis should be used, 
depending on input signal level. 
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6 
The goal of the scheme is to reduce modulator output 

transition rate as much as possible, Without causing modu 
lator instability or other signi?cant performance degrada 
tions. Adding hysteresis to the quantiZing comparator 
reduces output transition rate, but interferes With ‘normal’ 
modulator operation, and makes it less stable. 

Another in?uence on modulator stability is the input 
signal level. Generally speaking, a high order sigma delta 
modulator is more stable for small inputs, and less stable for 
large ones. 

So for X input signal level, up to Y amount of quantiZer 
hysteresis may be safe, and actual use of an amount near Y 
provides greatest decrease in output transition rate. But for 
input>X, Y hysteresis may be too much, and instead Z<Y is 
the maXimum safe amount. 
A?rst structure 52 is provided for measuring a modulator 

input level. For a modulator With analog input, a simple 
‘FLASH’ analog-to-digital converter (ADC) might be used, 
as shoWn in FIG. 11. Here, it’s assumed that input signal VIN 
varies betWeen a minimum of —VEE and maX of +VEE. This 
voltage range is divided (quantiZed) into eight smaller 
sub-ranges, or quantiZation levels, as shoWn in Table 1. 

TABLE 1 

Quantization 
level De?nition 

+3.5 VI7 < V < +VCC 

+2.5 VI6 < V < VI7 

+1.5 VI5 < V < VI6 

+0.5 VI4 < V < VI5 

—O.5 VI3 < V < VI4 

—1.5 VI2 < V < VI3 
—2.5 VI1 < V < VI2 

—3.5 —VEE < V < VI1 

The seven comparators 54 determine the quantiZation 
level Within Which VIN resides. Note the resistors string R 
are connected to the negative ports of the comparators. 
These resistors 4 provide a unique reference level to every 
comparator to set the comparator sWitching point to the 
proper voltage. The VIN information is then used to select a 
hysteresis level for the modulator’s quantiZer. In this 
eXample, comparators 54 are required to distinguish 
betWeen eight levels. Mathematically, one might think of the 
levels as ranging betWeen —3.5 and +3.5, as shoWn in the 
table. HoWever, We could also use an integer from 1 to 8 to 
represent them. The integer representation simpli?es the 
design of logic Which uses the ADC output. 
More generally, N-1 comparators are necessary to dis 

tinguish betWeen N levels, in a FLASH ADC. This relation 
ship can cause a problem. Suppose a large N is required so 
that the hysteresis level in the modulator may be controlled 
With a high degree of precision. The (N-1) comparators 
needed to support this are a lot of circuitry, Which may 
consume eXcessive poWer, or occupy excessive area if 
implemented on an IC. It Would be better if the number of 
required comparators Were independent of N, and small. 

There are ADC architectures such as successive 
approXimation (SAR) ADCs, Which achieve very high reso 
lution With a small number of comparators. HoWever, they 
require a succession of clock cycles to complete their 
calculations. Such a delay is unacceptable here, because by 
the time a hysteresis level is chosen for the quantiZer, the 
modulator input may have changed signi?cantly, so that the 
selected hysteresis is inappropriate. 
ASAR ADC might still Work if its clock Were much faster 

than the modulator clock, but there is a simpler alternative. 
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FIG. 12 shows the conceptual form of a technique that 
reduces the number of comparators for a given number of 
quantization levels. The WindoW comparator 100 has three 
inputs; an upper threshold (UT), a loWer threshold (LT), and 
a voltage input Vin. The WindoW comparator 100 has tWo 
outputs; output “A”, Which is logic HI if the input is greater 
than the upper threshold (UT), and output “B”, Which is 
logic HI if the input is less than the loWer threshold (LT). 
Up/DoWn Counter 101 is an N-level counter Which incre 

ments UP by one Whenever the “A” output of the WindoW 
comparator 102 is logic HIGH, and increments DOWN by 
one Whenever the “B” output of the WindoW comparator 
block 100 is logic HIGH. 
D/A converter 103 receives the output 108 of up/doWn 

counter 101 and provides an analog output 110 connected to 
the loWer threshold (LT) input of the WindoW comparator 
100. D/A converter 102 receives the output 108 of up/doWn 
counter 101 through adder 104, Which adds the constant “1”, 
and provides an analog output 112 connected to the upper 
threshold (UT) input of the WindoW comparator 100. The 
tWo D/A converters 102, 103 are designed With a quantiza 
tion step size of Vdelm, Where Vdelm is the desired quanti 
zation step-size of the A/D function provided by this circuit. 

In operation, if the input to the WindoW comparator 100 
is constant, the feedback loop 106 Will adjust the D/A 
converter outputs 110, 112 (and, by connection, the upper/ 
loWer threshold of the WindoW comparator 100) until the 
input Vin is betWeen the upper and loWer threshold of the 
WindoW comparator 100. If the input Vin is increased in a 
positive manner so that it eXceeds the upper threshold (UT), 
the up-doWn counter 101 is incremented by 1, Which causes 
the digital output to increase and also causes the tWo D/A 
converter output voltages 110, 112 to increase by one 
quantization level. This increase sets the tWo WindoW 
comparator levels such that the input Vin is once again 
betWeen the upper (UT) and loWer threshold (LT). If the 
input Vin is decreased so that it falls beloW the loWer 
threshold (LT), the up-doWn counter 101 is decremented by 
1, Which causes the digital output 108 to decrease and the 
tWo D/A converter output voltages 110, 112 to decrease by 
one quantization level. This decrease sets the tWo WindoW 
comparator levels such that the input Vin is once again 
betWeen the upper (UT) and loWer threshold (LT). 

The digital output 108 thus represents the input With a 
resolution of Vdelm, and the number of quantization levels is 
only limited by the number of bits in the D/A converter 102, 
103 and up/doWn counter 101. The only limitation of this 
technique is that if the input changes by more than V delta, the 
up/doWn counter 101 may take several cycles of the system 
clock before equilibrium is reached. 

FIG. 13 shoWs a structure 58 having a hardWare imple 
mentation of the technique discussed in FIG. 12. The tWo 
D/A converters 102, 103 of FIG. 12 are implemented using 
a tWo analog MUX selectors 66 and 68 that select a 
particular tap from a resistor string R that generates linearly 
spaced reference voltages. By Wiring the tWo muXes 66, 68 
offset from one another, the tWo D/A converters 102, 103 of 
FIG. 12 can be implemented in one simple structure 58 
Without the need for a digital adder. That is, given the same 
code digital code X applied to both MuXes 66, 68 in FIG. 13, 
tWo voltages are generated simultaneously that are offset by 
the desired quantization size Vdelm. 

The WindoW comparator 100 of FIG. 12 is implemented 
in FIG. 13 With tWo comparators 60 and 62. These com 
parators 60, 62 are fed from both the input Vin as Well as the 
output 72 or 74 of the appropriate MuX 66 or 68. 
Up/DoWn Counter 64 is of conventional design and is 

Well knoWn to those skilled in the art. 
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Table 2 shoWs the detailed operation of the circuit 58. The 

loWer threshold voltage (LT) is designated as VI(X-1) and 
the upper threshold voltage (UT) as VI(X), Where X repre 
sents the digital input to the MUXes 66, 68, Which select the 
appropriate resistor tap. Note X(t) also designates the output 
of the up/doWn counter 64, Which forms the digital output 76 
of the circuit 58 at time t. 

TABLE 2 

VIN Action 

VIN > VI(X) X(t) < N: X(t + 1) = X(t) + 1 
increment 

§(§(t) = N: X)(t + 1) = X(t) (saturate high) 
X(t + 1) = X(t) (unchanged) 
X(t) > 1: X(t + 1) = X(t) — 1 

(decrement) 
X(t) = 1: X(t + 1) = X(t) (saturate loW). 

VI(X — 1) < VIN < VI(X) 
VI(X - 1) < VIN 

As the table indicates, some ‘saturation’ logic limits signal 
X to betWeen 1 and N. 

Here is an eXample, to shoW hoW the structure 52 of FIG. 
11 compares to the structure 58 of FIG. 13. Assume signal 
X is initialized to 5 at t=0 in both schemes, as shoWn in Table 
3. 

TABLE 3 

TimeindeXt t=1,t=2,t=3,t=4,t=5,t=6,t=7,t=8 

Sequence of actual 2.5, 3.5, 2.5, 2.5, 1.5, —2.5, —1.5, —O.5 
VIN(t)’s, quantized to 
1 of 8 levels 

Sequence of X(t + 1)’s, 7, 8, 7, 7, 6, 2, 3, 4 
for method 1 
Sequence of X(t + 1)’s, 6, 7, 7, 7, 6, 5, 4, 4 
for method 2 

The outputs of the second structure 58 sometimes ‘lag’ 
behind those of the ?rst structure 52, if VIN is changing 
quickly. Therefore, second structure 58 Works best if VIN 
changes sloWly during the modulator clock period. If VIN 
changes by no more than one quantization level per modu 
lator clock period, the second structure 58 can ‘keep up’ and 
Works the same as the ?rst structure 52. 

Even if VIN occasionally changes by more than one level 
per clock period, X generally moves in the right direction in 
the second structure 58, and quickly ‘catches up.’ This is 
good enough for many modulators, because they’re not so 
sensitive to an inappropriate hysteresis level that they go 
unstable after just one period of improper hysteresis. 
Instead, instability only results from many periods of inap 
propriate hysteresis. The second structure 58 avoids this for 
suf?ciently bandlimited VIN. 

In the second structure, it might seem as if compleXity is 
similar to the ?rst structure. (N-3) comparators are elimi 
nated in the second structure, but add the logic of the 
MUXes 66, 68 and register 64. On many ICs, hoWever, the 
MUXes 66, 68 and register 64 occupy less area than do 
comparators, and consume less poWer. Also, even though it 
isn’t shoWn, some form of a register is often needed in the 
?rst structure 52, as shoWn in FIG. 11, to ensure that control 
signals to select the hysteresis change only at appropriate 
times. In this case, a register is needed in both structures 52, 
58, and the true hardWare tradeoff is eXtra comparators 54 in 
?rst structure 52 vs. MUXes 66, 68 in the second structure 
58. 

For clarity in this discussion, it’s been assumed that the 
modulator input signal is readily available, and appropriate 
to use in selecting an appropriate hysteresis amount. 
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However, there are a number of modulator architectures in 
Which this may not be true. There may be a good alternative 
‘hysteresis-selector,’ though, in Which case the arguments 
applied here to the modulator input signal can instead be 
applied to the alternative. 

Also for clarity, the second structure 58 has been 
described as using exactly tWo comparators 60, 62. 
HoWever, it could be extended to use more than tWo com 
parators but less than (N-l). 

Although the present invention has been shoWn and 
described With respect to several preferred embodiments 
thereof, various changes, omissions and additions to the 
form and detail thereof, may be made therein, Without 
departing from the spirit and scope of the invention. 
What is claimed is: 
1. A sigma delta modulator comprising: 
a modulator module including a quantiZer With variable 

hysteresis that receives an input signal to perform 
necessary modulation operations; and 

a non-linear mapping module that receives a signal asso 
ciated With said input signal and tabulates the necessary 
hysteresis control information so as to reduce the 
transition rate of said modulator module. 

2. The sigma delta modulator of claim 1, Wherein said 
modulator module comprises digital components. 

3. The sigma delta modulator of claim 1, Wherein said 
modulator module comprises analog components. 

4. The sigma delta modulator of claim 1, Wherein said 
modulator module comprises an arrangement of a plurality 
of analog integrators, a plurality of analog gain scaling 
operations, and a quantiZer With variable hysteresis. 

5. The sigma delta modulator of claim 1, Wherein said 
modulator module comprises an arrangement of a plurality 
of digital integrators, a plurality of digital gain scaling 
operations, and a quantiZer With variable hysteresis. 

6. The sigma delta modulator of claim 1 further compris 
ing an absolute value circuit that receive said input signal 
and performs an absolute value function on input said signal 
and provides its output to said non-linear mapping module. 

7. The sigma delta modulator of claim 1 further compris 
ing an analog-to-digital converter (ADC) module that 
receives said input signal and forms a plurality of quanti 
Zation levels that are provided to said non-linear mapping 
module. 

8. The sigma delta modulator of claim 7, said ADC 
module comprises a FLASH ADC. 

9. The sigma delta modulator of claim 7, Wherein the 
ADC comprises a WindoW comparator With upper and loWer 
threshold voltages derived from tWo digital-to-analog con 
verters (DACs), respectively, Wherein each DAC is adjusted 
according to previous ADC digital outputs. 

10. The sigma delta modulator of claim 9, Wherein said 
tWo DACs are adjusted by an up/doWn counter connected to 
the output of said WindoW comparator. 

11. The sigma delta modulator of claim 9, Wherein said 
tWo DACs comprise of a single resistor string producing 
?xed reference voltages, With tWo separate analog MUX 
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circuits providing tWo independent DAC outputs from the 
same resistor string. 

12. The sigma delta modulator of claim 11, Wherein each 
of said analog MUX receives the same digital control signal, 
and the generation of said upper and loWer thresholds is 
done by connecting one MUX to the resistor string With an 
offset of one resistor tap compared to the other MUX. 

13. A method of sigma delta modulation comprising: 
providing a modulator module including a quantiZer With 

variable hysteresis that receives an input signal to 
perform necessary modulation operations; and 

utiliZing a non-linear mapping module that receives a 
signal associated With said input signal and tabulates 
the necessary hysteresis control information so as to 
reduce the transition rate of said modulator module. 

14. The method of claim 13, Wherein said modulator 
module comprises digital components. 

15. The method of claim 13, Wherein said modulator 
module comprises analog components. 

16. The method of claim 13, Wherein said modulator 
module comprises an arrangement of a plurality of analog 
integrators, a plurality of analog gain scaling operations, and 
a quantiZer With variable hysteresis. 

17. The method of claim 13, Wherein said modulator 
module comprises an arrangement of a plurality of digital 
integrators, a plurality of digital gain scaling operations, and 
a quantiZer With variable hysteresis. 

18. The method of claim 13 further comprising providing 
an absolute value circuit that receive said input signal and 
performs an absolute value function on input said signal and 
provides its output said non-linear mapping module. 

19. The method of claim 13 further comprising providing 
an analog-to-digital converter (ADC) module that receives 
said input signal and forms a plurality of quantization levels 
that are provided to said non-linear mapping module. 

20. The method of claim 19, said ADC module comprises 
a FLASH ADC. 

21. The method of claim 19, Wherein the ADC comprises 
a WindoW comparator With upper and loWer threshold volt 
ages derived from tWo DACs, respectively, Wherein each 
DAC is adjusted according to previous ADC digital outputs. 

22. The method of claim 21, Wherein the tWo DACs are 
adjusted by an up/doWn counter connected to the output of 
said WindoW comparator. 

23. The method of claim 21, Wherein the tWo DACs are 
comprised of a single resistor string producing ?xed refer 
ence voltages, With tWo separate analog MUX circuits 
providing tWo independent DAC outputs from the same 
resistor string. 

24. The method of claim 23, Wherein each analog MUX 
receives the same digital control signal, and the generation 
of said upper and loWer thresholds is done by connecting one 
MUX to the resistor string With a offset of one resistor tap 
compared to the other MUX. 

* * * * * 


